Abstract Environmental monitoring in middle-and lowincome countries is hampered by many factors which include enactment and enforcement of legislations; deficiencies in environmental data reporting and documentation; inconsistent, incomplete and unverifiable data; a lack of access to data; and technical expertise. This paper describes the processes undertaken and the major challenges encountered in the construction of the first Niger Delta Emission Inventory (NDEI) for criteria air pollutants and CO 2 released from the anthropogenic activities in the region. This study focused on using publicly available government and research data. The NDEI has been designed to provide a Geographic Information System-based component of an air quality and carbon management framework. The NDEI infrastructure was designed and constructed at 1-, 10-and 20-km grid resolutions for point, line and area sources using industry standard processes and emission factors derived from activities similar to those in the Niger Delta. Due to inadequate, incomplete, potentially inaccurate and unavailable data, the infrastructure was populated with data based on a series of best possible assumptions for key emission sources. This produces outputs with variable levels of certainty, which also highlights the critical challenges in the estimation of emissions from a developing country. However, the infrastructure is functional and has the ability to produce spatially resolved emission estimates.
Introduction
Human health and climate change issues arising from air pollution have resulted in increased focus on air quality and carbon emissions management (Kampas and Castanas 2008) . Emission inventories have played a critical role in the assessment, monitoring, modelling and management of emissions of air pollutants and greenhouse gases (GHGs), which have various impacts on human health, vegetation and climate (Benerjee et al. 2011; de Kluizenaar et al. 2001; Parra et al. 2006; Wang et al. 2010 ). However, the low level of attention given to air quality in low-and middle-income countries (LMICs), despite its devastating impacts on human health, has led to a lack of emission inventories in the majority of developing countries. Consequently, there is paucity of funding allocation to studies that focus on air quality, lack of expertise in the field of emission estimation and air quality modelling and a lack of air quality management frameworks in these countries. An emission inventory serves as a means of recording and structuring information about sources of atmospheric emissions, the processes and activities that release emissions from these sources and the total emissions being released from the sources, thus providing the opportunity to conduct source apportionment analysis with a view to developing appropriate mitigation measures and abatement techniques to ensure emissions are within acceptable limits.
De Kluizenaar et al. (2001) relied on emission data estimated by the Irish Environmental Protection Agency (EPA) using the 11 United Nations Economic Commission for Europe Coordination of Information on Air Emissions (UN-ECE CORINAIR) source categories contained in the CORINAIR emission database to generate spatial distribution maps of SO 2 and NO x emissions in the Republic of Ireland. The highresolution emission maps helped them to identify areas with high, medium and low densities of SO 2 and NO x emissions within Republic of Ireland. Parra et al. (2006) used emission inventories to articulate the spatial and temporal distributions of emissions of tropospheric ozone precursor gases in order to assist modelling the behaviour and transport of ozone using a chemical transport model (CTM). Wang et al. (2010) also developed vehicular emissions inventories in Beijing, Shanghai and Guangzhou cities in China from 1995 to 2005 in order to gain understanding of trends of vehicular emissions from mega cities in China. The inventories also assisted in providing information on the major sources of vehicular emissions and their respective contributions to emissions of CO, NO x , PM 10 and CO 2 (Wang et al. 2010 ). Many developed countries (for example, the UK, the USA and Australia), few developing countries (such as South Africa) and international organisations (such as the European Union and Intergovernmental Panel on Climate Change (IPCC)) have developed comprehensive inventories of emissions of criteria air pollutants and GHGs, which form vital components of their air quality management frameworks (Boden et al. 2010; Bush et al. 2008; DEAT 2007 DEAT , 2008 Defra 2009 ; http://www.epa.gov/ttn/chief/eiinformation.html ; Harrop 2001; MacCarthy et al. 2010; MacCarthy et al. 2011; Marland et al. 2007 ; http://naei.defra.gov.uk/; Naiker et al. 2012 , Olivier et al. 2001 Reilly et al. 2002) . For instance, the UK's National Atmospheric Emissions Inventory (NAEI) developed for the period of 1990 to 2008 (MacCarthy et al. 2010 ) relied on datasets such as:
1. Department of Energy and Climate Change (DECC) subnational statistics on energy use in the UK 2. Regional energy use data for specific industries or regional data on raw material consumption or sector-specific production 3. Major road traffic count data 4. Domestic and international flight data for all major airports in the UK 5. Rail company fuel use estimates 6. Regional housing, employment, population and consumption data 7. Agricultural surveys (livestock numbers, crop production, fertiliser application) 8. Land use survey data.
There were instances, during the development of this inventory, when local data of sources were either insufficient or unavailable. In such cases, assumptions and extrapolations of available datasets were used in order to generate a time series of emissions of air quality gases. However, over the years, improvements in environmental monitoring, reporting and quality assurance methods and protocols have improved data quality and data availability. This has translated to reductions in uncertainties in emission estimates generated from the inventory from the earlier years of the inventory to the most recent years (MacCarthy et al. 2010) .
Environmental reporting and regulation, inter-organisational communication, collaboration and consultation form the foundation for the successful development of an emissions inventory (Murrells et al. 2011; NSCA 2001) . However, these critical procedural component of environmental monitoring and management has not been given utmost attention in most developing countries due to the lack of manpower, technical expertise, appropriate legislation and enforcement strategies to ensure compliance with available environmental legislations. Consequently, the majority of developing countries will encounter data limitations towards their quest to estimate emissions of air pollutants from various sources. The international inventories that have emission estimates for developing countries, such as the EDGAR inventory, IPCC, European Commission Joint Research Centre (EC-JRC) and the USA's Carbon Dioxide Information Analysis Centre (CDIAC), produce high-level uncertainties in the estimates generated for developing countries like Nigeria. This is because these inventories are not based on accurate data generated from detailed surveys of sources and activities in developing countries.
In order to address this shortcoming in Nigeria, an effort has been made to develop an emissions inventory infrastructure for a region in Nigeria. This paper focuses on the construction of a Geographic Information System (GIS)-based emissions inventory infrastructure using the oil-rich Niger Delta region of Nigeria as a representation of sources and activities in Nigeria (Fig. 1) . The construction of the inventory relies on publicly available and accessible government and research-based data, with a view to identifying the existing limitations towards accurate estimation of air emissions in the country. The inventory infrastructure is designed and constructed at low, medium and high resolutions to serve as a basis for spatially resolved sources of air emissions and estimating emissions from point, line and area sources of criteria air pollutants (CO, CH 4 , NO x , PM 10 , SO 2 and VOCs) 1 and CO 2 released from activities in the Niger Delta region. The emissions for which the inventory has been constructed were the main gases released from the activities considered for the study. The activities are as follows:
1. Industrial production, which rely on combustion of fossil fuels and natural gas 2. Road transportation 3. Domestic cooking and lighting using biofuels and fossil fuels.
This paper describes the procedure for designing and constructing the inventory using the bottom-up emission estimation technique (Lindley et al. 1996) . Due to the challenges posed by lack of detailed and accurate data, the focus of this paper is the establishment of the Niger Delta Emissions Inventory (NDEI) infrastructure, which has been designed to allow increasingly accurate estimates of emissions of air pollutants to be made as and when appropriate data become available and to identify the data limitations to generating accurate estimates of emission of air pollutants in Nigeria.
Emission of air pollutants and CO 2 in the Niger Delta
The few studies carried out on air quality and carbon emissions management in Nigeria suggest that there are air pollution problems across the country, which emanate from industrial processes, domestic activities, waste disposal, transportation and oil and gas activities concentrated in the Niger Delta, especially gas flaring, oil refining and construction (Ajao and Anurigwo 2002; Baumbach et al. 1995; Taiwo 2005) . This is supported by the observations of the European Commission, Joint Research Centre (JRC)/ Netherlands Environmental Assessment Agency (PBL) on the sources of significant emissions of atmospheric pollutants and GHGs in Nigeria (EC-JRC/PBL 2010). Resulting from these emissions, Taiwo (2005) observed that concentrations of CO and SO 2 measured at landfill sites, industrial estates and public motor parks or traffic stations exceed the Nigerian national standards set up by the defunct Federal Environmental Protection Agency (FEPA 1991) and the World Health Organisation standards (Environmental Protection UK 2009).
The emission estimates from EC-JRC/PBL (2010) are based on the most recent available information for Nigeria. These estimates are generalised, as they are not the result of detailed surveys of the specific processes and activities in industries and other sectors that release them. They also indicate the lack of up-to-date emissions data for the country. Furthermore, the lack of spatial resolution for the data also limits the knowledge and understanding of the sources in relation to sinks and receptors of the pollution, which is important for effective management of air pollution. Due to the lack of available mechanisms for systematic estimation of emissions in Nigeria (Baumbach et al. 1995; Taiwo 2005) , and an absence of open-source inventories, there is no verifiable emission inventory database available for the Niger Delta. For example, in the Niger Delta, there is no publicly available evidence to verify that the enterprises operating in the region carry out comprehensive assessments or measurements of emissions from their installations, offices and other activities. This is despite previously publicised efforts through the Niger Delta Environmental Survey (NDES) of 1995 conducted by the Environmental Resource Manager Limited (ERML) (ERML 1997; Manby 1999) and Shell Petroleum Development Corporation (SPDC) air quality assessment proposal in 2006 (SPDC 2006) .
The Nigerian National Environmental Standards and Regulations Agency (NESREA) has stated its intention to update Nigeria's obsolete National Air Quality Standards (NAQS) (see http://nesrea.org/our_strategy.php), which were originally established by FEPA in 1991 (FEPA 1991 . As part of the development of this new approach to management, it is important that spatially resolved emission information with good temporal resolution is available to support decision makers. Such an emission database would enhance the process of deriving indigenous emission factors required for estimating emissions from various sources within the region. The aim in developing the NDEI infrastructure of fundamental air pollutants and carbon emissions is to provide an easy-touse, easy-to-update and spatially resolved GIS-based platform for estimating emissions from anthropogenic activities in a developing economy. The inventory will also provide a platform for identifying data gaps that need to be filled by appropriate agencies and organisations within the Niger Delta in order to provide accurate emissions estimates from the identified sources.
Construction of the Niger Delta Emission Inventory-methods and materials
The infrastructure is designed and constructed based on the capabilities and inter-operability of spreadsheets and GIS. The spreadsheet which contains the basic emission inventory infrastructure where details of the sources are inputted and the process of estimating emissions is carried out is based on the functionalities of Microsoft Excel. The results are then linked to the GIS using the spatial attributes of the data for spatial analysis, mapping and visual display of results. The GIS also serves as the repository of spatial data from which the data contained in the spreadsheets are updated. ESRI ArcGIS 10.1 was used for the GIS operations of this study. The spatial datasets used in the inventory are industries, location of offices in Port Harcourt City, flow stations, airports, helipads, roads and settlements. All the spatial data were referenced to WGS 84 Minna Datum (Onyeka 2006) . Grids of 1 km × 1 km, 10 km × 10 km and 20 km × 20 km are created to serve as the high, medium and low resolutions of the inventory. The emission inventory infrastructure consists of three components based on the categories of emission sources identified within the Niger Delta-point (mainly industries and use of industrial generators in offices within Port Harcourt City), line (roads) and area sources (settlements/households).
These sources and their specific activities used in the construction of the inventory are discussed further in subsequent sub-sections of this paper. Emissions from power generation, agricultural land and shipping will be included in future development of the inventory.
The general equation for calculating emissions based on emission factors is applied to all the sources contained in the inventory. According to the United States Environmental Fig. 1 Map of the study area Environ Sci Pollut Res (2017) 24:7788-7808 Protection Agency, USEPA (1995) , the general formula is given by:
1. Uncontrolled release of emissions
2. Controlled release of emissions: Except where indicated that there are specific emission control measures, it is generally assumed that the processes are uncontrolled. This assumption is based on the laxity in the enforcement of regulations in Nigeria, which gives emitters the leeway of not installing emission abatement control devices.
Point-source emission inventory
The methodological approach for point-source emissions involves a critical assessment of all the identified point sources and their attributes. These include location of the sources, the operations or activities carried out that contribute to the release of air pollutants, the rate of activities at the sources, pollutants released during specific activities and characteristics of the point of release (such as stacks, industrial chimneys and generator chimneys). The categorisation of the identified sources followed the 15 industrial sectors in Nigeria, as published by the Nigerian National Bureau of Statistics, NBS (2009a). These were further subdivided into 49 operational categories, with one categorised as 'unknown'. For example, the oil and gas production sector consists of three operational subcategories of flow station, petroleum refining and processing and natural gas production.
Due to a lack of access to site-specific data, the production processes of each industry are unknown, so the inventory infrastructure was developed using industry standard operations and processes. Emission factors used are based on the comprehensive AP-42 Emissions Factor Database developed by the USEPA. The emission factors are considered to be similar to factors applicable in Western Europe and Asia. This is considered acceptable as the industrial equipment used in the Niger Delta is imported from North America, Europe and Asia. In view of the lack of site-specific data, the estimates generated from the point source emission inventory for the Niger Delta, which are expected to rely on location, activity and other statistical data available for each identified source (Orthofer and Winiwarter 1998), cannot have their accuracy confirmed. However, the infrastructure possesses the flexibility for modifying and updating the specific industrial processes as and when such information may become available. When site-specific data are available, the reliance on the AP-42 emissions factors is expected to generate estimates that will be lower than that which may be present in the Niger Delta. This is partly due to an observed laxity in enforcement of emission controls and standards in Nigeria (Uchegbu 1998) , which is thought to lead to the installation of fewer emission control systems and/or the adoption of lower cost-and lesseffective solutions. Weiss et al. (2009) suggest the emission estimates should be adjusted by a factor of 15% for the Niger Delta based on adjustment factors stated in UNFCCC nonAnnex I Party Countries. Major assumptions applying to the NDEI point source inventory include the following:
1. Where emission factors for uncontrolled processes are available, they will be used, except where there is available information for the specific source that indicates the kind of emission abatement and control technology installed. 2. In view of laxity in enforcement of emission standards (Uchegbu 1998) , the highest available emission factors are used where uncontrolled emission factors or source specific information is not available. 3. Due to inadequate power supply from the national grid (Adenikinju 2003; Gnansounou et al. 2007 ), all the industries and offices operating in the Niger Delta are assumed to rely on the use of diesel-fuelled industrial generating sets to generate electricity for specific hours on each day of operation. The generators are generally considered to have capacities greater than 184 kW (approximately 250 hp) (US EPA 1996a). The estimated fuel consumption at full load is assumed to be approximately 54.5 l 2 (approximately 2 million British thermal units, MMBtu) 3 per hour. 4. Diesel-fuelled generators with outputs greater than 447.6 kW (approximately 600 hp) are used by oil and gas flow stations (US EPA 1996b). Fuel consumption is assumed to be approximately 135.1 l (5 MMBtu) per hour.
Line-source emission inventory
The line-source inventory component of the NDEI infrastructure considers only exhaust emissions from categories of road vehicles present in the region. These categories are cars, buses 5 (or light goods vehicle-LGV), lorry/trailers (or heavy goods vehicle-HGV) and motorcycles/tricycles (twowheeled/three-wheeled vehicles). The emission inventory adopted the categories and comprehensive exhaust emission factors database for road vehicles developed for the UK as documented by Boulter et al. (2009) . The emission factors were calculated using the equation specified by Boulter et al.
where y Emission factor in grammes per kilometre x Speed in kilometres per hour k Adjustment factor introduced to situations where an emission factor was required for a vehicle category having no emissions data in grammes per kilometre.
a, b, c, d, e, f and g are constant coefficients derived from the fit of a sixth-order polynomial to the values calculated using regression curves of the relationships between vehicle speed and emission of specific pollutant from different categories of vehicles used by Boulter et al. (2009) in the process of deriving emission factors.
Calculating the emission factors for the inventory was based on the assumptions contained in Table 1 .
The European emissions standards have been relied on by many developing countries, especially in Asia, to estimate vehicular emissions (Hao et al. 2006; Klimont et al. 2001; Wang et al. 2010) . In view of this, and the fact that the majority of vehicles in the Niger Delta are imported from Europe and North America, the application of the European emissions standards to the Niger Delta is considered to be appropriate. The line-source emission inventory incorporates all the categories of vehicle emission standards available from pre-Euro 1 category to Euro 5 category. The inclusion of up to Euro 5 emission standards in the design of the NDEI underscores its robustness to incorporate standards that are currently unavailable in the Niger Delta, but which are envisaged to be available in the near or far future. However, Euro-2 standard was used to estimate emissions from the road sector in the region. This is because the Nigerian government is currently implementing Euro-2 standards countrywide. This is also in line with the implementation in other developing countries, especially in Asia (Hao et al. 2006; Klimont et al. 2001) . The line emission inventory has been based on a very limited amount of data that has been used to generate generic traffic profiles for three types of road (highways, commercial (major and minor) and residential). These profiles have been based on the following assumptions: This assumption is applied to both rural and urban areas in the Niger Delta. Greater uncertainties are incorporated in estimates due to the fact that traffic in Lagos is considered to be higher than other urban areas in Nigeria. 7. Uncertainties associated with emissions of particulate matter from paved and unpaved roads are high. Therefore, these sources are not included in the inventory at this stage, although the infrastructure has been prepared to receive these data when the uncertainties are reduced. In view of this, only particulate matter released from vehicle exhausts are considered at this stage.
Based on these assumptions, estimates of the number of vehicles by category in each of the nine states of the Niger Delta, and disaggregated hourly traffic counts on the road classes in the Niger Delta, have been derived (Tables 2 and 3) .
The line-source emissions inventory is based on the road network database of the Niger Delta shown in Fig. 2 .
The GIS database containing the road network was linked to Microsoft Excel to create additional fields 5 Buses are mainly 10-to 18-seater buses 6 Abeokuta is an urban area in Southwest Nigeria. The main professions in the city are civil service, trading, tie and dye and pottery (Bada and Akande 2010) . 7 Lagos is a major urban centre in Southwest Nigeria, with an estimated population of 9 million based on the 2006 population census in Nigeria (NBS 2009b) . It is the second most populated city in Nigeria (NBS 2009b). containing relevant emission factors and activity data based on the specified assumptions. The total sum of emission of pollutants was estimated for all the vehicle categories for each road segment in the region. The emission density was calculated for each road. A selection process was carried out to identify all the 1-, 10-and 20-km grids that contain or intersect road features. The road segments that fall within each grid was identified and the road lengths estimated. Using the estimated road length and emission density per road, the emissions from each road segment was estimated and allocated to the specific grid the segment falls into. The segment layer was exported into the spreadsheet component of the emission inventory infrastructure, where the total sum of emission for each grid was calculated. The worksheets containing the total emissions per grid were exported as tables into GIS, where they were spatially linked with the original grid layers using the grid unique identifiers. From the linked GIS database, maps showing grid-based spatial distribution of emissions of air pollutants were generated for visual display.
Area-source emission inventory
Residential sources, defined by domestic cooking and lighting activities by households within geographical boundary represented by settlement area, are the only area source considered in the infrastructure of the emission inventory. The methodology used for the estimation of air pollutants from domestic cooking and lighting activities in the emissions inventory is documented by Fagbeja et al. (2013) . The process of estimating emissions from residential sources followed through derivation of population estimates for settlements; derivation of number of households within each settlement; identification of most appropriate emission factors; determination of average hours used for cooking and lighting using personal generators; and the application of the general equation of emission estimation as contained in Eq. 1.
A total of 6718 settlements were identified in the Niger Delta region (Fig. 3) . The settlement database was derived from a combination of land use mapping and settlement mapping studies carried out in Nigeria in 1996 and 2005, respectively (Ademiluyi et al. 2008; Agbaje and Fagbeja 2006; Fagbeja et al. 2013 ). The settlement database had the limits of the areas covered by urban, semi-urban and rural settlements in the Niger Delta clearly defined.
The settlements were classified into urban (population above 20,000), semi-urban (population between 5000 and 20,000) and rural (population below 5000) areas based on the population classification of the Niger Delta Regional Development Plan (NDDC 2006) . Based on NDDC (2006), percentage composition of settlements in the Niger Delta as 1% urban, 5% semiurban and 94% rural, a more rigorous classification process was carried out in order to refine the upper and lower benchmarks for the settlement categories (Table 4) .
Official population estimates in Nigeria have been disaggregated only to local government level and are not available at community/settlement level. Consequently, this study derived population estimates for the settlements in the Niger Delta using existing assumptions and the most reliable population estimates available for some of the identified settlements within the region. Population estimates for 275 settlements within the Niger Delta were obtained from World Gazetteer (2010) . Population estimates can be derived based on the relationship that exists between settlement built-up (or dwelling) area and the population of the settlement, assuming that the entire settlement area constitutes a dwelling area. This relationship is considered universal (Naroll 1962; Tobler 1969; Wiessner 1974) , and it is represented by the arithmetic equation where A area of built-up area within a settlement a coefficient of proportionality, 8 which depends on the units of area measurements and the building and living culture within a settlement (Tobler 1969) . P population within a settlement b positive exponent, estimated to be 0.88 (Naroll 1962; Tobler 1969 ).
However, due to the absence of coefficient of proportionality derived specifically for the cultures of the Niger Delta, the above relationship between settlement built-up area and population could not be used. An alternative relationship identified by (Kvamme 1997) 9 was used. According to Kvamme (1997) , there exists a logarithmic relationship between settlement built-up areas and population. Consequently, logarithmic relationships were established using the known population estimates obtained from the World Gazetteer (2010) for 275 settlements and their corresponding area (Table 5 ). The 275 settlements with population estimates were categorised into urban, semi-urban and rural communities based on their population and sizes obtained from the settlement database. Settlements were excluded from the assessment if their population estimates did not correspond with the area banding indicated in Table 4 . Then, scatter plots of population against settlement sizes for each category of settlements were generated, and logarithmic equations showing their relationships were generated. The equations derived for each settlement category were then applied to estimate populations of all other settlements in the settlements database. Settlements with known populations retained their known populations in the final database.
Having derived the population for each settlement in the Niger Delta using the method described above, the number of households within each settlement was then estimated by dividing the derived settlement population with the average household size for each settlement category in the Niger Delta. The average household size in the Niger Delta is assumed to be eight persons for households in rural settlements and six persons for households in semi-urban and urban settlements (NDDC 2006) . In addition, the percentages of households that rely on various fuels for cooking and domestic lighting (NBS 2009a) were applied to generate emission estimates for this source category. A summary of the total number of households in the Niger Delta, the percentages of households by cooking fuel and lighting, is given in Table 6 . Domestic activities are a source of emissions of both conventional air pollutants and CO 2 . The emission factors 8 The coefficient of proportionality is a variable whose value can be estimated based on building and living culture in a particular place. There is no value estimated for any part of Nigeria or West Africa. Therefore, no value can be assumed for the Niger Delta. 9 According to Kvamme (1997) , logarithmic relationships between settlement size and population are reliable showing Bless skewness and the extremity of outlying data points are reduced^. Estimates are generated based on average hourly traffic densities documented by Bada and Akande (2010) and percentage distribution of vehicles types on Nigerian roads (ADF 2007). Estimates for highways are based on the assumption that motorcycles do not operate on highways for these activities were selected from available emission factors developed for regions with cooking cultures and fuel composition similar to the Niger Delta. Emission factors for wood fuel and charcoal developed for West Africa (Brocard et al. 1998; Zhang and Marawska 2002) were adopted. Emission factors for kerosene combustion in wick stoves and natural gas combustion from the Chinese emission factors database (Zhang et al. 2000) were adopted for burning of kerosene and natural gas for cooking. Emission factors for the use of petrolfuelled generators available from the US Environmental Protection Agency (USEPA) AP-42 Emissions database were adopted (USEPA 1996b) ( Table 7) . Estimated daily cooking energy consumption in Nigeria (Anozie et al. 2007 ) was assumed for the Niger Delta (Table 8) . Furthermore, the percentage distributions of household by type of cooking fuel and by type of electricity supply in each of the states of the Niger Delta were obtained from NBS (2009c). These distributions were generally applied to proportionally estimate emissions from each of the identified domestic activities.
Results and discussion
The results of the emission inventory construction process are articulated and discussed based on each component of the infrastructure. It is important to note that the purpose of this paper is not to provide accurate estimates of emissions but to highlight existing impediments to accurate estimation of emissions in Nigeria and to demonstrate the ability of the constructed inventory infrastructure to produce increasingly refined results as and when appropriate data are used as input.
The Niger Delta point source emission inventory infrastructure
The estimates generated from this source inventory were not reliable due to inadequate publicly available data. Consequently, there are considerable uncertainties in the estimates. However, the process has clearly shown where data gaps currently exist and could support the future development of data gathering templates and mechanisms 1. The unrealistic assumption that 100% of the emissions released at various stages of industrial production enter the atmosphere without abatement or control.
2. The spatial datasets in the NDEI database are not complete over the region. For instance, emissions are estimated from use of generators in offices within Port Harcourt city, while offices within other cities are not considered due to the lack of information on their locations. 3. The quantities of raw materials used by industries are not available, thereby necessitating the use of arbitrary values in some instances. In other instances where assumptions and inferences could not be made, the values were not filled in the inventory. Consequently, no emission estimates were generated for such scenarios. In view of these unquantifiable uncertainties, the estimates generated from this component of the NDEI are extremely unreliable at present.
Niger Delta line-source emission inventory infrastructure
The estimates generated from the inventory are based on various highly generalised assumptions derived from available information. The uncertainties associated with these estimates arise due to the absence of data specific to road categories, average travel time on specific roads and number of vehicles on each road category. In addition, the available data were not collated for a particular year because of the lack of consistency in data gathering by public agencies and access to available data for research. The generalisation in the assumptions applied across the road categories introduced a level of uniformity in the results obtained from the inventory (see emission estimates and distributions in Figs. 6 and 7) . Consequently, the differences in emission estimates generated are due to the differences in the lengths of the road segments. In addition, road data ( Fig. 2) are incomplete, as residential roads in some of the major cities (Akure, Ondo, Asaba, Yenagoa, Calabar, Eket and Aboh) are not available. The non-inclusion of the residential road network within these cities in the database clearly gives an indication that traffic on residential roads contributes significant emissions from road traffic, when estimates are compared with areas with residential roads included (Fig. 7) . Despite these uncertainties, the inventory provides a spatial distribution of emissions that can help inform other areas with a possibility of high rates of emission from line sources. Following the observed spatial distribution of emissions, urban and semi-urban areas are expected to produce high rates of emissions when data are available. Assessments of individual roads in order to generate more specific information are expected to produce more accurate emission estimates.
Niger Delta area source emission inventory infrastructure
The area source emission inventory infrastructure consists of the spreadsheet and the GIS components, which were linked based on the unique identifier of the grids containing either entire settlements or segments of settlements (in cases where settlements intersect two or more grids). Emission values were estimated and allocated to grids based on the emission density for each settlement and the size of settlement segments that fall within each grid square. Figures 8 and 9 show some of the maps produced from the area-source component of the NDEI. Cooking-fuel wood CO 30 g C/kg dry fuel Brocard et al. (1998) CO 2 400 g C/kg dry fuel Brocard et al. (1998) CH 4 1.5 g C/kg dry fuel Brocard et al. (1998) NO x 0.7 g N/kg dry fuel Brocard et al. (1998) PM 10 3.82 g/kg dry fuel Zhang and Marawska (2002) Cooking-charcoal CO 25 g C/kg dry fuel Brocard et al. (1998) CO 2 170 g C/kg dry fuel Brocard et al. (1998) CH 4 0.5 g C/kg dry fuel Brocard et al. (1998) NO x 0.29 g N/kg dry fuel Brocard et al. (1998) PM 10 0.829 g/kg dry fuel Zhang and Marawska (2002) Cooking-kerosene CO 8.7 g C/kg fuel Zhang et al. (2000) CO 2 3120 g C/kg fuel Zhang et al. (2000) CH 4 Out of the estimated 13,329 settlements in the Niger Delta (NDDC 2006; UNDP 2006) , only 6715 settlements were identified in the inventory's settlement database. The remaining settlements that were not captured in the settlement database are rural fishing and farm settlements with population ranging from 50 to 500 or generally less than 1000 (NDDC 2006; UNDP 2006) . However, the process of deriving the population of the region produced results that represented an overestimation of 3% above the official projected population of the region for 2010. If the settlements unaccounted for are taken into consideration, the population estimate derived from the inventory would have been an overestimation of 11% to the official projected population of the Niger Delta for 2010 (Fagbeja et al. 2013) . Table 9 summarises the official 2010 population of each state of the Niger Delta compared with the population derived from this study.
The process of estimating population for the Niger Delta was necessitated due to the lack of population data disaggregated to community levels in Nigeria. Considering the impact of population on emissions of air pollutants, the lack of population estimates at community level constitute challenges to accurate estimation of emissions and spatial variability. Consequently, the emission estimates generated from residential activities in the Niger Delta and their spatial distribution (approximately 35% accurate) have uncertainties introduced as a result of unverifiable settlement population, incomplete settlement database, generalisation in the input data, lack of comparable data, outdated and generalised emission factors, reliance on proxy information and use of assumptions to generate many of the activity data (Fagbeja et al. 2013) .
Limitations, challenges and relevance of the Niger Delta Emission Inventory infrastructure
Although the functionality of the emission inventory infrastructure has been demonstrated, further developments are required. The limitations of the inventory clearly highlight the challenges that subsist in the development of an emissions inventory in a developing country like Nigeria, as exemplified by the Niger Delta. The challenges encountered in the development of the inventory exemplify the typical challenges encountered by developing countries in addressing environmental issues. The challenges border on data availability, legislative, management and institutional frameworks, technical capacity and funding. A summary of the challenges and Table 10 .
The construction of this inventory could act as a catalyst to the development of an air quality management framework in Nigeria. Its availability and the data gaps identified through its development are expected to culminate in the identification of the public and private institutions and stakeholders that collect data relevant for estimating emissions in Nigeria, as demonstrated by the UK's National Atmospheric Emissions Inventory (NAEI) (MacCarthy et al. 2010 ). This will further inspire collaborative efforts with these stakeholders towards the development of standardised data collection mechanisms and subsequently, a robust environmental reporting framework which the Federal Ministry of Environment will build on and strengthen with appropriate legislation. Currently, the World Bank is developing a Pollution Management and Environmental Health (PMEH) programme, which will consider developing air quality management framework (AQMF) for cities within selected developing countries. Nigeria has been selected to be a part of this study, with the City of Lagos considered as pilot. The PMEH programme clearly identifies the lack of detailed source-apportionment database and emissions inventory for air pollutants at local (city) and national levels in many developing countries including Nigeria as a major deficiency in health-based air quality management. Consequently, the programme seeks to develop multi-sectoral and institutional frameworks in managing emissions of air pollutants and developing emissions inventories from domestic, vehicular (road), waste/dumpsite and industrial sources. The development of an emissions inventory and source apportionment form two critical components of the 10 work packages (WP) upon which the air quality management (AQM) component of the PMEH is based. Consequently, the AQM component of the PMEH programme stands to gain from the experience of this study towards actualising this critical component of air quality monitoring and management.
Future outlook
The development of the emissions inventory infrastructure will benefit from a pilot survey to be conducted in the Niger Delta region in which representative sample for each of the identified sources will be selected and site-specific information collected. This will form the basis for the development of a more robust infrastructure, which will serve as a better representation of the Niger Delta. For the process of gathering site data, templates will be designed for each industry concerning the types of data they need to collect for generating accurate emission estimates. The templates will be designed using the data needs and gaps already identified through the construction of the inventory. Such templates will form part of the process to enhance the operations of the relevant regulatory bodies to coordinate systematic and consistent environmental reporting mechanism. They will also constitute sources of fundamental datasets for the Nigerian National Geospatial Data Infrastructure (NGDI), which is being developed with the National Space Research and Development Agency (NASRDA) as the lead agency (Agbaje and Fagbeja 2006; Kufoniyi and Agbaje 2005) . A well-established site data gathering and reporting process will ensure standardisation of data collation for each source category and will form the basis for the development of localised emission factors for the region, which will also enhance the accuracy of emission estimates generated from the inventory. It should be noted that not all major sources of emissions are included in the inventory at this stage. Further development should incorporate sources including electricity generation, agriculture, biomass burning and waste disposal.
Although the inventory provides emission estimates on an annual basis, the processes that release emissions are assessed based on hourly rates of emission release. However, the inventory generalises the hourly rates of activities. Consequently, a further refinement of the inventory will reduce the level of generalisation by incorporating hourlyspecific profiles, which can then feed into daily profiles from which annual estimates are generated. Such refinement will provide the opportunity for enhanced assessments of the temporal profiles of release of emissions from specific sources. And this is important for risk assessment at different timescales, which stands to enhance knowledge-based decision making and development of an air quality management framework for Nigeria.
Integration of the NDEI into an air quality management framework
The Niger Delta Emissions Inventory (NDEI) infrastructure aims to record and structure the information about sources of atmospheric emissions, the processes and activities that release emissions from these sources and the total emissions Projected 2010 population estimates were derived by applying a national population growth rate of 3.1% per year. The derived 2010 population estimate was based on 6718 settlements (Fagbeja et al. 2013 a This body will provide a platform for institutional interaction to determine standards and multi-sectoral mechanisms for timely collection, collation and dissemination of environmental datasets relevant for emission estimation -Strengthening environmental regulation and reporting mechanisms through legislations, and integration of these into existing institutional frameworks.
-Leverage on remote sensing and Geographic Information System (GIS) technology to support collection of complete spatial datasets on sources of emissions and also support the development of spatially enabled inventories b 2 Lack of access to industry-/site-specific operational/activity data, which necessitated the reliance on industry standard operations -Funding support to carry out on-site collection of information on industrial processes, road traffic and demography, energy consumption and other data upon which more reliable assumptions could be made. This will rely on the data collection templates and mechanisms put in place as identified in item 1 above.
-Random data collection pilot study to improve the accuracy of the activity and process data for the inventory and reduce generalisations and uncertainties in the emission estimates.
-Development of appropriate emission factors localised to the Niger Delta c -Partial reconstruction of the emissions inventory, especially the point-source component of the inventory, to accommodate site-specific industrial processes that are not industry standard. 3
Lack of an air quality management framework -An emission inventory becomes relevant to air quality management when it exists within an air quality management framework. Therefore, a national framework for the management of air quality should be developed by the Central Government body responsible for air pollution monitoring and management.
-Increased awareness and attention given to having a national emissions inventory infrastructure, which will improve technical, administrative and legislative efforts for data collection, process verification and development of methodologies towards the construction of a national inventory 4 Lack of automatic update capability in the inventory when changes are made on either the spreadsheet or GIS platform -Building technical capacity in algorithm development to develop algorithms that can support automatic updates of changes made to the inventory on both the GIS and spreadsheet platforms c a The Central Government body in Nigeria that is responsible for air quality monitoring and management is the Federal Ministry of Environment (FMEnv). Under the FMEnv, the National Environmental Standards Regulation and Enforcement Agency (NESREA) is responsible for setting air quality standards and enforcing the regulations b The Nigerian National Space Research and Development Agency (NASRDA) currently operates high spatial resolution satellite, NigeriaSat-2, which can support collection, mapping and updating spatial data of emission sources in Nigeria (Akinyede 2008; Chizea and Ejimanya 2007) c The technical expertise available at the NASRDA can be further developed to accommodate algorithm development within the region and its environs. As air quality measurements and monitoring are relevant only when they exist within an AQM framework, the NDEI will be integrated with other components of an AQM framework for the region in order to formulate policies that ensure the achievement of the objectives of the framework. The NDEI will form a critical part of the establishment of the air quality management system (AQMS), which is scientific-and research-based. This component of the air quality management plan (AQMP) integrates air quality monitoring, emission inventories and dispersion modelling. The implementation of this stage of the plan leads to the identification of data gaps. The air pollution problems identified at this stage are critically assessed. Such issues arise from the identification of sources of significant emissions, areas where air quality goals are exceeded and exposure of population and environment to pollution. This stage also involves identified pollutants, emitters and areas of concern are prioritised for further actions. The identification of the problems resulting from the implementation of the emissions inventory (together with monitoring and modelling) will lead to the development and implementation of intervention strategies, which include raising awareness amongst the stakeholders, setting standards, enforcing regulations, deployment of economic instruments and air quality management plans.
Conclusions
The Niger Delta Emission Inventory (NDEI) is a critical infrastructure development that will assist air quality and carbon emission specialists to identify the opportunities and the deficiencies in actualising a detailed air quality assessment and management system for the Niger Delta. The infrastructure development has provided a platform to identify the existing data and policy gaps and prompt the development of appropriate templates and robust mechanisms for data collection, collation and dissemination. The visual display offered by the infrastructure will assist policy makers to appreciate the air quality scenario in the region, thereby enabling them to develop and test appropriate policies and legislation to improve the quality of air and also reduce carbon dioxide emissions in the Niger Delta. The emission inventory considers point, line and area sources of air pollutants and carbon dioxide within the Niger Delta. The focus of the inventory is its design and infrastructure. Due to inadequate and potentially inaccurate data, the emission inventory is populated with data based on a series of best possible assumptions, which have been documented. Consequently, the results obtained from the inventory have a high level of uncertainty inherent within them. In addition, there is no reference year for the emission estimates generated from this research due to the fact that available information is used irrespective of the periods for which it is available. However, efforts were made to base assumptions on information available from the year 2000.
The emission estimates should be treated as uncertain for all of the identified sources. However, the results produced by the inventory demonstrate the functionality of the inventory infrastructure. This is an indication of the reliability of the inventory infrastructure to produce better quality outputs as and when appropriate data for specific reference years are used as input.
